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Edited by Judit Ova´diAbstract About 10% of the coding capacity of the Mycobacte-
rium tuberculosis (M. tb) genome is devoted to the PE/PPE fam-
ily of genes scattered throughout the genome. We have identiﬁed
28 PE/PPE operons which are organized within the M. tb gen-
ome in such a way that most PE members are upstream to
PPE members. One example of such a gene arrangement is
the PPE gene Rv2430c, earlier shown by us to code for a highly
antigenic protein eliciting strong B-cell responses in TB patients
[Choudhary, R.K., Mukhopadhyay, S., Chakhaiyar, P., Shar-
ma, N., Murthy, K.J.R., Katoch V.M. and Hasnain, S.E.
(2003) PPE antigen Rv2430c of Mycobacterium tuberculosis in-
duces a strong B cell response. Infect. Immun. 71, 6338–6343],
situated downstream to PE gene Rv2431c. Rv2431c and
Rv2430c are transcribed as an operon. Expression of either
rRv2431c or rRv2430c alone in E. coli limited their localization
to the inclusion bodies. However, when they were co-expressed,
both the proteins appeared in the soluble fraction. These two pro-
teins interact with each other and form oligomers when alone,
however, when present together they exist as heteromer.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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One of the major ﬁndings from the genome sequence of
Mycobacterium tuberculosis (M. tb) was the presence of the
PE/PPE family of genes representing about 10% of the coding
capacity [1,2]. These families of genes encode proteins carrying
Proline-Glutamic acid (PE) or Proline-Proline-Glutamic acid
(PPE) motifs found near the N-terminus and hence the name
PE/PPE. The conserved N-terminal and variable C-terminal
sequences of the proteins coded by members of this family
are thought to confer antigenic variation among diﬀerent
strains of M. tb [1]. The PE family has been classiﬁed into sev-
eral subfamilies. The largest of these is the polymorphic repet-
itive sequence class (PGRS), characterized by high glycine
content, also referred to as ﬁbronectin binding proteins [3,4].*Corresponding author. Fax: +91 40 23011090.
E-mail address: seh@uohyd.ernet.in (S.E. Hasnain).
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doi:10.1016/j.febslet.2006.01.042Based on the amino acid sequence at conserved positions,
the PPE protein family has been classiﬁed into three categories.
Proteins with major polymorphic tandem repeats (PPE-
MPTR) is the major subfamily with other subfamily having
conserved GxxSVPxxW motif and the last one being a subfam-
ily of unrelated proteins [1,5]. Some of these proteins are
shown to exhibit surface localization [6–8]. With very little
understanding of their functional, immunological and other
role, these families of proteins have been nonetheless shown
to exhibit varying degrees of polymorphism between diﬀerent
clinical isolates of M. tb (H37Rv) and CDC1551 [9]. Mutation
in the two of PE_PGRS genes of Mycobacterium marinum
homologues of M. tb Rv3812 and Rv1651c, rendered M. mar-
inum strains incapable of replication in macrophages and also
resulted in decreased persistence in granulomas [10]. The indi-
vidual role of PE and PGRS domains of a PE_PGRS family
member Rv1818c was investigated. It was shown that the
DNA construct as well as the protein corresponding only to
the PGRS domain showed humoral responses when immu-
nized in mice. However, when mice were immunized with PE
domain, more interferon gamma was secreted from the spleno-
cytes as compared to immunization with PGRS domain. These
results suggest that PE based vaccine can elicit an eﬀective cel-
lular immune response, which is inﬂuenced by the Gly-Ala rich
PGRS domain [11]. We earlier showed that a PPE family pro-
tein, Rv2608, a member of the major polymorphic tandem re-
peat (MPTR) subfamily, elicits high humoral response and low
T-cell response in TB patients [12]. Since many of the PE/PPE
proteins are known to elicit strong immune response [6,11–14,
Hasnain et. al, (unpublished)], their functional importance
however, in terms of host pathogen interaction has not been
addressed adequately. The PPE gene Rv0915c, separated from
Rv0916c by 14 bp intergenic region, was found to develop
both CD4 and CD8 speciﬁc T cell responses and could provide
protection againstM. tb comparable toM. bovis BCG vaccina-
tion when immunized in C57BL/6 mice [13]. More recently a
M. marinum homologue ofM. tb PPE gene Rv1787 was found
to be associated with the ability of M. tb to grow in macro-
phages and also virulence in mice [15]. PPE ORF Rv1787 is
separated from a PE ORF Rv1788 by 78 bp, which is followed
by ORF Rv1789 with 13 bp intergenic region.
The PE/PPE family of genes is organized such that they are
scattered throughout the genome. We now describe the obser-
vation that a signiﬁcant number of the PE/PPE genes appearation of European Biochemical Societies.
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where a PE is followed by a PPE gene, separated by less than
90 bp. The immunodominant Rv2430c [14] is a typical example
of an arrangement where a PE gene Rv2431c, which codes for
another immunodominant protein [unpublished] and shown to
be upregulated in an IdeR mutant in microarray experiments,
precedes Rv2430c [16] by 46 bp intergenic region. We show for
the ﬁrst time that PE (rRv2431c) and PPE (rRv2430c) proteins
interact with and solubilize each other only when co-expressed.
When expressed alone, both the proteins rRv2430c (PPE) and
rRv2431c (PE) go into inclusion bodies. We further demon-
strate the ability of the rRv2431c and rRv2430c to hetero-oli-
gomerize. Based on this, we propose that these PE/PPE gene
pairs are coregulated, co-expressed, interact functionally, exist
in dynamic form and help each other either in secretion or sur-
face localization or in some other as yet unknown cellular
functions.2. Materials and methods
2.1. Bacterial strains and growth media
E. coli strains (DH-5a, XL-1 blue and BL-21 cells) were grown in
Luria Bertani, LB medium, obtained from Hi-Media, India. Antibiot-
ics were used at the following concentrations (lg/ml): ampicillin, 100;
kanamycin, 50; tetracycline, 15.
2.2. Primers and plasmids
All the primers used in this study (Table 1) were procured from Sig-
ma, USA. The plasmids pBluescript II KS (Stratagene, USA), pQE30
(Qiagen, Inc., USA), pETDuet (Invitrogen, USA) and pET23a (Nova-
gen, EMD Biosciences, Inc., Germany) were used to construct recom-
binant plasmids described in this study (Table 2). The clones were
conﬁrmed by DNA sequencing.
2.3. Molecular cloning and puriﬁcation of recombinant proteins
The ORF Rv2431c was ampliﬁed from the Mycobacterium tubercu-
losis genome using the primers FP2431c (P1) and RP2431c (P2) bear-
ing the restriction sites NdeI andHindIII containing 6·His tag at the 5 0
of the reverse primer. The 300 bp amplicon was cloned in pBSK(+) lin-
earized with SmaI and further subcloned as a NdeIHindIII fragment in
the corresponding sites of pET23a. For co-expression study
Rv2431c::pET23a was digested with NdeI and XhoI and the resultantTable 2
Plasmids constructs used in this study
Plasmids Speciﬁcation
pBSK::31 PCR ampliﬁed 300 bp ORF Rv2431c cloned i
pET23a::31 NdeI/HindIII Rv2431c fragment derived from
of pET23a vector
pQERv2430c BamHI/HindIII generated 585 bp fragment fro
BamHI/HindIII site of pQE30 vector
pETDuet:30 BamHI/HindIII generated 585 bp fragment fro
site of MCSI of pETDuet
pETDuet:30:31 NdeI/XhoI generated 300 bp fragment from pE
site of pETDuet:30 vector
Table 1
List of primers used in this study with their sequence
Primer ID Sequence (5 0–3 0)
P1-FP2431c TCCATATGTCTTTTGTGATCACAAAT
P2-RP2431c TAAAGCTTAGTGGTGGT GGTGGTGGTGA
CTAA AGGTCTTGACGTTGTC
P3-RP2430c AAGCTTCTAAGTGTCTGTACGCGATGA300 bp fragment was cloned in the corresponding sites within MCSII
of pETDuet expression vector. The BamHI and HindIII fragment of
ORF Rv2430c from pQE30 expression vector was subcloned into
MCSI of pETDuet expression vector in which ORF Rv2431c was al-
ready cloned at MCSII. The clone pETDuet:30:31 was digested with
BamHI, end ﬁlled with Klenow Polymerase and religated in order to
bring the gene in frame. The plasmids were transformed and expressed
in E. coli BL-21 strain and the recombinant proteins were puriﬁed
using Cobalt aﬃnity chromatography. The individual proteins
rRv2430c and rRv2431c were puriﬁed by on-column refolding method
using 8–0 M urea gradient [17]. The co-expressed proteins were puri-
ﬁed with 200 mM Imidazole in 1· PBS from soluble fraction by Cobalt
aﬃnity chromatography.
2.4. Reverse transcriptase polymerase chain reaction (RT-PCR)
Total M. tb RNA was a kind gift from AstraZeneca, Bangalore.
First-strand synthesis was carried out using Moloney Murine Leuke-
mia Virus Reverse Transcriptase (M-MLV RT) from Invitrogen using
Reverse primer RP2430c (Table 1) speciﬁc to ORF Rv2430c following
the conditions speciﬁed by the manufacturer. Subsequent second-
strand synthesis was performed using AccuTaq Polymerase (Sigma)
using primers FP2431c (P1), RP2431c (P2) and RP2430c (P3). The to-
tal RNA of M. tb was used to carry out RT-PCR. The annealing tem-
peratures used were 41 C for Rv2431c and 48 Cfor
Rv2431c + Rv2430c ampliﬁcation. The PCR product was analyzed
on 1.5% agarose gel.
2.5. UV and chemical crosslinking analysis
The puriﬁed proteins rRv2430c, rRv2431c and co-puriﬁed rRv2430c
and rRv2431c were exposed at room temperature to UV at 254 nm
wave length and energy 1200 · 100 lJ/CM2 for 30, 60, 120, 180 and
300 s, respectively. The buﬀer used was 1· PBS and it was the same
buﬀer in which protein was puriﬁed. For chemical crosslinking, the
proteins were incubated with 0.1%, 0.2%, 0.3%, 0.5%, 1% and 2% glu-
taraldehyde for 20 min at room temperature. The samples were frac-
tionated using Tris–Tricene SDS–polyacrylamide gel electrophoresis
(PAGE) for crosslinking analysis.
2.6. Western blot analysis
For Western blot analysis, equal amount of puriﬁed proteins were
separated using Tris–Tricine SDS–PAGE. After electrophoresis, the
protein samples were transferred to nitrocellulose membrane using a
Trans-Blot electrophoresis transfer cell (Pharmacia Biotech, USA).
Western blot analysis was conducted using antisera to rRv2431c
(1:1000) and rRv2430c (1:300) generated in mice followed by incuba-
tion with horseradish peroxidase-conjugated secondary antibody
(1:10000). To quantify the protein, a chemiluminescent signal was
developed using detection reagents from ECL Plus kit (Amersham
Pharmacia Biotech, England) and the signal was recorded on X-ray
ﬁlm (Hyperﬁlm Amersham, Pharmacia Biotech, UK).2.7. Gel ﬁltration analysis
Gel ﬁltration (BioRad, USA) was used to analyze the puriﬁed pro-
teins. About 250 lg of each recombinant protein was loaded on Supe-
rose 6 column and compared with protein molecular size standards.
The corresponding peaks were collected and analyzed on Tris–Tricene
SDS–PAGE.Reference
n PBSK(+) vector at Smal site This study
PBSK::31 cloned in NdeI/HindIII site This study
m pGEMT-easy:2430 vector cloned [14,17]
m pQERv2430c cloned in BamHI/HindIII This study
T23a::31 cloned in NdeI/XhoI This study
Table 3
Probable operonic organization of PE/PPE genes based on intergenic
distance
Genes Intergenic region (bp) Function
Rv0096 18 PPE
Rv0097 Overlapping by 4a Possible oxidoreductase
Rv0098 4 Hypothetical Protein
Rv0099 4 FadD10
Rv0100 Overlapping by 19a Hypothetical protein
Rv0101 nrp
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Fluorescence spectra of puriﬁed recombinant proteins were recorded
on a Perkin–Elmer LS-3B Spectroﬂuoremeter. Fluorescence studies
were carried out in presence of increasing concentration of NaCl
(140–2000 mM) for both rRv2430c and rRv2430c-rRv2431c complex.
The samples were incubated for 5 min prior to excitation. In each mea-
surement the protein was excited at 295 nm and emission spectra were
recorded from 300 to 480 nm. Each ﬂuorescence spectrum was ob-
tained by averaging three diﬀerent recordings. The slits of excitation
and emission were kept at 5 nm and scan speed at 50 nm/s. Through-
out the experiment, the temperature was maintained at 25 C. 1 lM of
protein in 1· PBS was used for each reading.Rv0152c 9 PE
Rv01S1c PE
Rv0256c 18 PPE
Rv0255c 24 cobQ
Rv0254c cobU
Rv0280 23 PPE
Rv0281 Hypothetical protein
Rv0282 Overlapping by 4a Hypothetical protein
Rv0283 Overlapping by 4a Conserved membrane protein
Rv0284 Overlapping by 4a FtsK
Rv0285 2 PE
Rv0286 48 PPE
Rv0287 29 esxG
Rv0288 10 esxH
Rv0289 46 Conserved membrane protein
Rv0290 Overlapping by 4a Conserved membrane protein
Rv0291 Overlapping by 4a mycP3
Rv0292 Overlapping by 14a Conserved membrane protein
Rv0293 Hypothetical protein
Rv0304 55 PPE
Rv0305 PPE
Rv0354 82 PPE
Rv0355 PPE
Rv0388c 52 PPE
Rv0387c Hypothetical protein
Rv0442c 26 PPE
Rv0441c Hypothetical protein
Rv0745 19 Hypothetical protein
Rv0746 Hypothetical protein
Rv0832 Overlapping by 4a PE_PGRS
Rv0833 PE_PGRS3. Results
3.1. Signiﬁcantly large number of the PE/PPE genes are
organized as an operon in a deﬁnite pattern
The organization, within the M. tb genome, of the PE/PPE
family of genes which code for highly antigenic proteins, was
analyzed. Intergenic region less than 90 bp was used to predict
a probable operon. The maximum number of base pairs in a
given sequence to contain any q-dependent termination is at
least 100 bp. If two given genes are separated by less than
90–100 bp, the possibility for the two genes to be in operon
would be true if the intergenic region does not have any q-inde-
pendent termination sequence. Only 3 q-independent termina-
tion sequences were previously predicted in the entire M. tb
(H37Rv) genome using software TRANSTERM available at
TIGR (USA) website, http://www.tigr.org/software/Trans-
TermResults/ntmt02.html. None of the q-independent termi-
nation falls into intergenic sequence of the predicted
operons. A total of 41 operons were short-listed in this analy-
sis. Of these 41 operons, 28 operons contain only the PE/PPE
genes. The remaining are clusters of either PE or PPE genes
with non-PE/PPE members. Some of the genes such as
Rv0915c, Rv2430c, Rv3872 and a homologue of Rv1787 in
M. marinum [13–15,18], belonging to the PE/PPE family which
plays a signiﬁcant role in the host pathogen interaction, are
also predicted in our analysis to be in operon with the other
PE/PPE genes. There was a deﬁnite pattern of arrangement
of these gene pairs where, in most cases, a bi-cistronic organi-
zation could be seen with a PE gene followed by a PPE gene in
the operon (Table 3). Some others involve either PE or PPE
with the non-PE/PPE members, including ESAT-6 like secre-
tory proteins.Rv0916c 14 PE
Rv0915c PPE
Rv0980c 81 PE_PGRS
Rv0979c Hypothetical protein
Rv1040c 76 PE
Rv1039c PPE
Rv1088 Overlapping by 179a PE
Rv1089 PE
Rv1168 17 PE
Rv1169 PPE
Rv1195 46 PE
RV1196 PPE
Rv1386 Overlapping by 4a PE
Rv1387 PPE
(continued on next page)3.2. PPE ORF Rv2430c and PE ORF Rv2431c are
co-transcribed at the mRNA level
Having predicted and short-listed ORFs Rv2431c and
Rv2430c as belonging to one operon, RT-PCR was carried
out with total RNA isolated fromM. tb as described in Section
2. After the ﬁrst strand synthesis with primer P3, the reverse
transcribed template was used to carry out two diﬀerent sets
of PCR for checking the whole operonic ampliﬁcation and also
for Rv2431c. PCR ampliﬁcation was carried out with primer
pairs P1 and P2, corresponding to Rv2431c, which showed
an ampliﬁcation of 300 bp (Fig. 1B, lane 3) and P1
(FP2431c, speciﬁc to ORF Rv2431c) and P3 (RP2430c, spe-
ciﬁc to Rv2430c), gave an ampliﬁcation of 931 bp correspond-
ing to the anticipated size of both Rv2431c and Rv2430c
(Fig. 1B, lane 4) including the intergenic sequence of 46 bp.
The speciﬁc ampliﬁcation of the 931 and 300 bp fragments
Table 3 (continued)
Genes Intergenic region (bp) Function
Rv1646 77 PE
Rv1647 6 Hypothetical protein
Rv1648 Hypothetical protein
Rv1706c 39 PPE
Rv1705c 40 PPE
Rv1704c 64 cycA
Rv1703c Predicted o-methyltransferase
Rv1787 78 PPE
Rv1788 13 PE
Rv1789 PPE
Rv1806 14 PE
Rv1807 PPE
Rv2099c Overlapping by 4a PE
Rv2098c 51 PE_PGRS
Rv2097c 8 Hypothetical protein
Rv2096c Overlapping by 4a Transcription regulator
Rv2095c 67 Predicted transcription
Rv2094c 16 Regulator
Rv2093c 48 Hypothetical protein
Rv2092c 41 tatc
Rv2091c helY
Hypothetical protein
Rv2107 55 PE
Rv2108 PPE
Rv2431c 46 PE
Rv2430c PPE
Rv2489c Overlapping by 35a Hypothetical protein
Rv2488c 81 Predicted ATPase
Rv2487c PE_PGRS
Rv2769c 79 PE
Rv2768c PPE
Rv2774c 10 Hypothetical protein
Rv2773c 11 dapB
Rv2772c 85 Hypothetical protein
Rv2771c 63 Hypothetical protein
Rv2770c PPE
Rv2853 36 PE_PGRS
Rv2854 12 Hypothetical protein
Rv2855 gorA
Rv3018c 86 PPE
Rv3017c esxQ(jag)
Rv3019 33 esxR
Rv3020 46 PF
Rv3021 Overlapping by 16a PPE
Rv3022 PPE
Rv3135 61 PPE
Rv3136 PPE
Rv3345c Overlapping by 281a PE_PGRS
Rv3344c 48 PE_PGRS
Rv3343c PPE
Rv3477 36 PE
Rv3478 50 PPE
Rv3479 Possible Transmembrane
Protein
Rv3511 Overlapping by 38a PE_PGRS
Rv3512 PE_PGRS
Table 3 (continued)
Genes Intergenic region (bp) Function
Rv3622c 11 PE
Rv3621c 56 PPE
Rv3620c 26 esxW
Rv3619c esxV
Rv3652 Overlapping by 4a PE_PGRS
Rv2653 PE_PGRS
Rv3738 51 PPE
Rv3739 PPE
Rv3746c 72 PPE
Rv3745c Hypothetical protein
Rv3872 30 PE
Rv3873 PPE
Rv3893c 78 PE
Rv3892c PPE
aOverlap between the two genes resulting in absence of any spacer.
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Rv2430c, as part of a single operon. No ampliﬁcation was
seen when the PCR was carried out with RNA sample alone
(without making cDNA) using primer pairs P1 and P3. This
rules out DNA contamination during the process of total
RNA preparation (Fig. 1B, lane 2). Assuming that the genes
separated by short intergenic sequences tend to have related
function and interact physically, we performed further exper-
iments to investigate interaction between these two proteins, if
any.3.3. Recombinant proteins rRv2431c and rRv2430c form
inclusion bodies when over-expressed alone, but appear in
soluble fraction when co-expressed together in E. coli
Having shown that the existence of ORF Rv2431c and
Rv2430c as one operon separated by a 46 bp intergenic se-
quence, we designed experiments to investigate their interac-
tion at the protein level. The PE/PPE proteins are mostly
known to form inclusion bodies when over-expressed in
E. coli [12,14,17]. The recombinant PPE protein Rv2430c
(23 kDa) was earlier shown to remain in the inclusion body
when expressed alone [14,17]. Similarly, the recombinant PE
protein Rv2431c (11 kDa) when over-expressed alone in
E. coli also remains within inclusion bodies (Fig. 2A). In
order to study whether the two proteins are solubilized
when co-expressed in E. coli, both the genes were cloned
into pETDuet expression vector to construct expression
plasmid pETDuet:30:31. When pETDuet:30:31 was used to
transform E. coli BL-21 cells, it could be seen (Fig. 2B) that
the supernatant contains much (50–60%) of the recombinant
23 and 11 kDa proteins. These results indicate that expres-
sion of these two genes together results in the corresponding
proteins getting into the soluble fraction. Both the proteins
contain histidine tags either at their N-terminal (rRv2430c)
or the C-terminal (rRv2431c). This property was exploited
to aﬃnity purify the coexpressed proteins from the
supernatant to 90–95% homogeneity for further studies
(Fig. 2C).
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Fig. 1. RT-PCR analysis demonstrates that Rv2430c and Rv2431c are co-transcribed as an operon. (A) Schematic representation of the organization
of Rv2431c and Rv2430c ORFs in Mycobacterium tuberculosis genome. The intergenic sequence between the Rv2431c and Rv2430c is 46 bp. The
position of the various primers and the corresponding predicted amplicons are shown. (B) PCR ampliﬁcation generates speciﬁc amplicons pointing to
the organizational arrangement of Rv2430c and Rv2431c within an operon. The product of the reverse transcription reaction, usingM. tb RNA and
P3 primer, was used as template for the subsequent PCR ampliﬁcation. Lane 2: PCR ampliﬁcation, using forward primer P1 speciﬁc to Rv2431c and
reverse primer P3 speciﬁc to Rv2430c, using M. tb total RNA as template did not generate any amplicon thereby ruling out possible DNA
contamination during RNA preparation. RT-product ampliﬁed by using the primer P3 was used as template to carry out further PCR. Lane 3: the
300 bp PCR ampliﬁcation of Rv2431c generated by using primer P1 and P2. Lane 4: the 931 bp amplicon corresponding to Rv2431c and Rv2430c,
using primer pair P1 and P3. Lane 1: 50 bp DNA size marker.
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Fig. 2. SDS–PAGE analysis shows that PE (rRv2431c) and PPE (rRv2430c) proteins solubilize each other. (A) Expression of rRv2431c in E. coli BL-
21 strain. Lane 2 shows that the recombinant Rv2431c protein forms inclusion bodies and is mostly in pellet and very little, if any, in supernatant
(lane 3). (B) Co-expression of rRv2431c and rRv2430c. Equal amounts of supernatant and pellet were fractionated on 10% Tris–Tricene SDS–PAGE.
Lane 2 shows the two over-expressed bands, corresponding to the co-expressed rRv2431c and rRv2430c proteins, in soluble form and lane 3 shows
the two proteins in inclusion bodies. (C) Co-puriﬁcation of rRv2431c and rRv2430c using COBALT aﬃnity column. Lane 2 shows the puriﬁcation of
rRv2431c and rRv2430c. Both the proteins are Histidine tagged at C-terminal and N-terminal, respectively. Protein molecular size marker is shown in
lane 1. Coomassie Blue G250 was used to stain the SDS–polyacrylamide gel.
S. Tundup et al. / FEBS Letters 580 (2006) 1285–1293 12893.4. rRv2431c and rRv2430c proteins interact with each other as
evident from protein crosslinking and Western blot analysis
Having shown that the two proteins expressed together are
in the soluble form, the physical interaction between them, if
any, was further checked using UV (Fig. 3A) or glutaraldehyde
crosslinking (Fig. 3B). Exposure to UV causes crosslinking of
interacting proteins (Smanla et al., manuscript in preparation).
We therefore used this simple UV crosslinking to determine di-
rect interaction between rRv2431c and rRv2430c. The co-puri-
ﬁed rRv2430c and rRv2431c protein fraction was exposed to
UV for diﬀerent times, 30 s to 5 min. The individual proteins
were also exposed to UV for 2 min in the presence of an unre-lated protein rRv2626c (16 kDa), which served as negative
control. SDS–PAGE analysis of UV cross-linked co-puriﬁed
protein reveals a band corresponding to 34 kDa (Fig. 3A, lanes
7–11), which is not seen when rRv2430c (Fig. 3A, lanes 2, 3) or
rRv2431c (lanes 4 and 5) was mixed with unrelated recombi-
nant protein rRv2626, whether untreated with UV (Fig. 3A,
lanes 2 and 4) or after UV treatment (Fig. 3A, lanes 3 and
5). The presence of a 34 kDa protein band corresponding to
23 and 11 kDa protein suggests an interaction between the
proteins rRv2430c and rRv2431c, generating a complex as a
consequence of UV crosslinking. In order to conﬁrm the data
from UV crosslinking, glutaraldehyde crosslinking in a
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Fig. 3. Crosslinking experiments show PE (rRv2431c) and PPE (rRv2430c) proteins interact with each other. (A) UV crosslinking of rRv2431c and
rRv2430c proteins. The recombinant proteins were fractionated on SDS–PAGE with or without UV exposure. Lane 1 represents protein molecular
size marker. The other lanes show recombinant proteins without UV exposure (lanes 2, 4, and 6) or exposure to UV for diﬀerent times (lanes 3, 5, and
7–11). Note that rRv2430c does not interact with an unrelated protein rRv2626c (lane 2) even after UV exposure (lane 3). Similarly rRv2431c fails to
interact with the unrelated control protein rRv2626c (lane 4) even after UV exposure (lane 5). The co-expressed rRv2430c and rRv2431c in the
absence of UV crosslinking do not form complex (lane 6). Lanes 7–11 show rRv2431crRv2430c complex corresponding to 34 kDa generated as a
function of time of UV exposure. (B) Glutaraldehyde crosslinking shows rRv2431c and rRv2430c interact and form oligomer individually. Proteins
were incubated for 20 min in the presence or absence of diﬀerent concentration of glutaraldehyde and fractionated on SDS–PAGE. Lanes 2, 4 and 5
show oligomer formation of proteins at 0.3%, 0.2% and 0.5% glutaraldehyde concentration. Lanes 7–9 show the oligomer band of rRv2430c, the
interacting band corresponds to 34 kDa and monomeric forms of individual species. No interacting or oligomer band is seen in proteins without
glutaraldehyde (lanes 1 and 3). Coomassie Blue G250 was used to stain the polyacrylamide gel.
1290 S. Tundup et al. / FEBS Letters 580 (2006) 1285–1293concentration ranging from 0.1% to 0.5% was carried out. The
individual proteins reveal oligomeric states upon glutaralde-
hyde crosslinking (Fig. 3B, lanes 2, 4 and 5) but not in the ab-
sence of glutaraldehyde (Fig. 3B, lanes 1 and 3). While
rRv2430c protein shows two states of oligomerization of very
high molecular sizes (Fig. 3B, lane 2), rRv2431c shows more
than two oligomeric states corresponding to approximately
22 and 55 kDa with 0.2% glutaraldehyde (Fig. 3B, lane 4).
Similar to results obtained from UV crosslinking, glutaralde-
hyde crosslinking of co-puriﬁed rRv2430c and rRv2431c also
shows a band of 34 kDa (Fig. 3B, lanes 7–9) corresponding
to size of the complex obtained with rRv2430c and rRv2431c.
While UV crosslinking shows only the rRv2431c and rRv2430cr
a
B
PE/PPE (34 kDa)
complex
rRv2431c (11 kDa)
1  2
A
rRv2431c+rRv2430c
co-purified protein
UV-crosslinking
+ +
- 3 min.
anti-rRv2431c serum + +
Fig. 4. Western blot analysis conﬁrms interaction between rRv2431c and r
rRv2430c serum with copuriﬁed rRv2431c + rRv2430c protein separated on
only the 11 kDa band corresponding to rRv2431c could be seen using anti-r
Lane 2: the interacting rRv2431c and rRv2430c complex corresponding to 34
be seen using anti-rRv2431c serum when the sample was exposed to UV for 3
Western blotting was carried out using anti-rRv2430c serum and co-puriﬁed
upon UV exposure bands corresponding to rRv2430c (23 kDa) and the inter
corresponding to rRv2430c protein using anti-rRv2431c serum (Fig. 4A) and
rules out cross-reactivity of the antibodies generated against these two protecomplex, but not their oligomeric state, glutaraldehyde cross-
linking shows both the homomeric and heteromeric forms.
The band corresponding to 34 kDa represents the PE/PPE
complex rather than the trimeric rRv2431c alone. To conﬁrm
that the 34 kDa band is indeed a complex of PE and PPE pro-
teins, Western blot analysis was carried out using anti-
rRv2431c and anti-rRv2430c sera. As could be seen in
Fig. 4A, lane 2, when the co-puriﬁed protein was UV cross-
linked and then subjected to Western blot analysis using
anti-rRv2431c serum, only the bands corresponding to
rRv2431c protein and the 34 kDa PE/PPE complex can be
seen, but not the band corresponding to 23 kDa (rRv2430c)
protein. Similarly using anti-rRv2430c antibody, bands corre-PE/PPE (34 kDa)
complex
rRv2430c (23 kDa)
1  2
Rv2431c+rRv2430c
co-purified protein
UV-crosslinking
+ +
- 3 min.
nti-rRv2430c serum + +
Rv2430c. Western blotting was carried out using anti-rRv2431c/anti-
Tris–Tricine SDS–PAGE with or without exposure to UV. (A) Lane 1:
Rv2431c serum when the co-puriﬁed protein was not exposed to UV.
kDa as well as the 11 kDa band corresponding to PE rRv2431c could
min. (B) Lane 1: 23 kDa band corresponding to rRv2430c is seen when
rRv2431c + rRv2430c proteins, but without exposure to UV. Lane 2:
acting band (34 kDa) could also be seen. The absence of 23 kDa band
11 kDa band corresponding to rRv2431c using anti-rRv2430c serum
ins.
aDk 07~
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rRv2431c:rRv2430c complex (34 kDa) could be seen
(Fig. 4B, lane 2), but not the band corresponding to 11 kDa
(rRv2431c) protein. A similar pattern was observed when Wes-
tern blotting was performed after the proteins were subjected
to glutaraldehyde crosslinking (data not shown). These results
demonstrate that the anti-rRv2431c and anti-rRv2430c
antibodies do not cross react with rRv2430c and rRv2431c
proteins.
3.5. Gel ﬁltration shows PE protein rRv2431c and PPE protein
rRv2430c complex exists in diﬀerent forms
The tendency of the two proteins to form oligomer when
alone and in hetero-oligomeric state is further conﬁrmed by
using size exclusion chromatography of individual and the
co-puriﬁed proteins. Individual rRv2430c shows a wide peak
corresponding to more than 600 kDa (Fig. 5, blue curve) whileA
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ing to approximately 230 and 162 kDa (Fig. 5, purple curve).
The gel ﬁltration pattern of the peaks of co-puriﬁed rRv2431c
and rRv2430c (green curve) is signiﬁcantly diﬀerent from the
peaks of the individual proteins. The size of the co-puriﬁed
proteins is much lower, as the Ve of the co-puriﬁed protein is
higher, than that of the individual proteins. The co-puriﬁed
proteins show two peaks, the ﬁrst wider one (Ve = 13.2) and
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Fig. 6. SDS–PAGE analysis of gel ﬁltration collected fraction shows
that heteromer of rRv2431c and rRv2430c exists in higher concentra-
tion than individual oligomer. The curve represents rRv2431c +
rRv2430c co-puriﬁed protein (Fig. 5, green curve), collected fractions
of which were analyzed on SDS–PAGE. The elution fractions 3C–1C
contain more of rRv2430c species. It can be seen that there is an
increase in the concentration of both rRv2431c and rRv2430c fractions
in 3B–6B. Fractions 4B–5B correspond to the sharpest peak containing
equal amounts of very high concentrations of both the proteins.
Elution volume corresponds to each fraction is given in milliliter.
Coomassie Blue G250 was used to stain the SDS–polyacrylamide gel.
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contains more species of rRv2430c (480 kDa) in an oligomeric
state while the second sharp peak (70 Da) corresponds to the
complex PE/PPE proteins (rRv2431c and rRv2430c) of higher
concentration than the rRv2430c oligomer species. The pres-
ence of a high molecular size (70 kDa) of the heteromer, un-
like in the crosslinking experiments where a heterodimer of
34 kDa was observed, suggests that heteromer also exists in
tetrameric state involving both rRv2430c and rRv2431c. The
co-puriﬁed proteins mostly exist as heteromer rather than oli-
gomer of one species, suggesting that the interaction between
the PE and PPE proteins is stronger leading to heteromeric
state rather than interacting individually. As can be seen in
Fig. 5, both rRv2431c and rRv2430c exist as oligomer of
higher molecular weight than the complex rRv2430c and
rRv2431c protein.3.6. Salt induced changes in conformation of the protein
rRv2430c in rRv2430c: rRv2431c complex
The interaction between these two proteins is also supported
by ﬂuorescence studies. rRv2431c does not carry any trypto-
phan residue, therefore, when excited at 295 nm, the ﬂuores-
cence emission will only be due to rRv2430c if complexed
with rRv2431c. The ﬂuorescence emission spectrum was re-
corded by excitation at 295 nm. It can be clearly seen
(Fig. 7A) that increase in concentration of salt in oligomeric
rRv2430c did not aﬀect the aromatic residues environment in
the protein thereby making it refractile to signiﬁcant change
in the ﬂuorescence intensity at salt concentration as high as
2 M. The rRv2431c: rRv2430c complex however displayed a
signiﬁcant decrease in the ﬂuorescence intensity as a function
of increasing salt concentration (Fig. 7B). The decrease in ﬂuo-
rescence intensity brought about by the increase in salt concen-
tration in rRv2431c:rRv2430c co-puriﬁed protein (Fig. 7B) is
due to the change in conformation of rRv2430c with respect
to rRv2431c. rRv2431c expectedly alone does not have an
emission spectrum when excited at 295 nm speciﬁc to trypto-
phan residue (Fig. 7B), but otherwise does generate a spectrum
when the protein is excited at 285 nm (data not shown).4. Discussion
The completion of many bacterial genomes has allowed the
analysis of gene clusters, leading to interesting conclusions
about the tendencies of the genes with related functions to re-
main together across several genomes [19], particularly in the
case of genes whose proteins products physically interact
[20]. The organization of genes in the operons is believed to
provide the advantage of coordinated regulation and produc-
tion of functionally and temporally related genes. The PE/
PPE genes in M. tb, though scattered throughout the genome,
are not randomly organized. We investigated the presence, if
any, of a deﬁned pattern of genomic organization of the PE/
PPE genes. As shown, most of the PE/PPE genes fall into oper-
ons either with PE/PPE genes only or with many other genes
belong to ESAT-6 like secretory protein. One such typical
example of an organization where a PE gene is followed by a
PPE family member was selected to understand the eﬀect of
such genetic organizational proximity. Two ORFs, PE
Rv2431c and PPE Rv2430c, among the other predictedoperons was selected on the basis of: (a) their highly antigenic
property [14], (b) 30–40% identity with other ORFs forming
operon, and (c) micro array data showing upregulation of both
the ORFs by 1.6-fold in IdeR mutant M. tb [16]. RT-PCR
analysis of this operon indeed conﬁrmed that these two genes
are co-transcribed. The presence of a loose ribosome binding
site (ACGGAA), within the 46 bp spacer separating the two
ORFs, points to a possibility of the large mRNA generating
two translation products corresponding to ORF Rv2431c
(11 kDa) and ORF Rv2430c (23 kDa).
We then investigated whether the two proteins, which are the
gene products of a single operon, physically associate with
each other. The properties of these proteins to interact with
each other, was clearly indicated when the two proteins were
co-expressed in E. coli, which led to localization of both the
proteins in soluble form. When over-expressed alone, the pro-
tein could only be recovered from inclusion bodies and could
be solubilized by in vitro methods [14,18]. The pattern of orga-
nization is likely to have a functional signiﬁcance in facilitating
the secretion of the immunodominant Rv2430c. The argument
that these proteins may be involved in secretion and membrane
localization is further strengthened by organization of some of
the PE/PPE genes in operon with those encoding putative
transmembrane proteins, and ESAT-6 like secretory proteins
(esxG, esxH, esxQ, esxR, esxW and esxV) (Table 3). The pre-
dicted PE35 and PPE68 operon falls within the M. tb RD1 re-
gion and is possibly thought to be responsible for the primary
attenuation of M. bovis to M. bovis BCG. Recombinant secre-
tory protein ESAT-6 was found to induce immune response
only when at least 11 genes (which include PE35/PPE68 pre-
dicted operon) ﬂanking esxA located in RD-1 region was
introduced inM. bovis BCG, pointing to their role in modulat-
ing the secretory apparatus for ESAT-6 secretion [18]. RD1
encompasses the well-known early secreted antigenic target
ESAT-6 (esxA) and esxB [21] which are found to be in operon
and interact with each other [22,23]. Recently Brodin et al.,
have further identiﬁed the residues involved in the secretion,
complex-formation, virulence and immunogenicity of these
two secretory proteins [24]. The PE/PPE member Rv0915
and a M. marinum gene (homologue of Rv1787) are predicted
to be in operon with upstream PE genes (Table 3) shown to
have crucial roles in host–pathogen interaction [13,15]. Irre-
spective of whether these are surface localized or secreted, they
perhaps help the bacterium to survive under various stresses
exerted by the host. This also suggests the existence of other
secretion systems to deliver the eﬀector proteins to host cells
[25–28].
Results of UV as well as glutaraldehyde crosslinking exper-
iments demonstrated the ability of rRv2431c and rRv2430c to
physically interact with each other. This was further conﬁrmed
by Western blot analysis (Fig. 4A and B). UV crosslinking
(Fig. 3A) could capture only the interacting band unlike glu-
taraldehyde crosslinking, which showed both oligomeric and
interacting states (Fig. 3B). This, therefore, indicates that the
interaction between the two proteins is stronger than individ-
ual oligomer formation. The existence of the PE/PPE mainly
as hetero-tetramer (70 kDa) rather than as oligomer was evi-
dent when the gel ﬁltration fractions were analyzed on SDS–
PAGE (Fig. 6). Fluorescence spectra of the co-puriﬁed protein
showed that rRv2431c could bring about a change in confor-
mation of rRv2430c at as high as 2 M concentration of salt
when excited at 295 nm. rRv2431c protein does not contain
S. Tundup et al. / FEBS Letters 580 (2006) 1285–1293 1293any tryptophan residues and thus did not give excitation at the
particular wavelength. CD analysis of on-column refolded
rRv2431c (data not shown) and rRv2430c [17] proteins indi-
cated proper folding, with high content of a-helix, which is
in agreement with in silico prediction. However, it failed to
show interaction when the two separately puriﬁed recombinant
proteins were mixed at equimolar concentration and subjected
to crosslinking experiments (data not shown), though both the
individual proteins tend to oligomerize when subjected to
chemical crosslinking (Fig. 3A and B). The co-puriﬁed recom-
binant proteins are highly stable in vitro at room temperature
(compared to individual proteins). Likewise when the proteins
are individually expressed they go into the inclusion bodies but
are solubilized when co-expressed. These results point to the
signiﬁcance of the interaction between the two proteins during
the translational processes leading to the appropriate folding
in order to remain in native states to perform biological func-
tions. It would be tempting to speculate on the impact of this
protein–protein co-operativity in modulating the host immune
function given the fact that these two members of the PE/PPE
family have immunodominant B-cell function. That such co-
operativity between in vivo co-expressed PE/PPE family of
proteins is a prelude to a likely immune sensing (quorum sens-
ing) role for these proteins is currently being investigated.
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